An electro-reductive halogen-deuterium exchange reaction in CD 3 CN has been developed. Using 9-fluorenone as a mediator, the electro-reduction of several aryl halides proceeded smoothly to give the deuterated products selectively. A methylation reaction of aryl halides also proceeded under similar conditions.
Introduction
Deuterium-labeled compounds are playing key roles in many scientific fields such as pharmaceutical science and mechanistic studies of organic reactions. 13 One of the most facile and straightforward methods to introduce a deuterium atom selectively is reductive halogen-deuterium exchange reactions. Several conditions, such as using a radical mediator (e.g. tin hydride 47 and samarium diiodide 8 ) or light irradiation, 9 have been reported. Meanwhile, we have studied electro-organic transformations, 1013 and recently reported electro-reductive intramolecular cyclization of haloarenes bearing an alkene moiety in acetonitrile. 14 During the course of the mechanistic study on the reactions, we found that the cyclized radical intermediate would be protonated by acetonitrile, and the reaction in CD 3 CN gave deuterated product selectively. These results prompted us to study an electro-reductive halogen-deuterium exchange reaction under metal-free and mild conditions. Screening of the reaction conditions revealed that 9-fluorenone was an efficient mediator for the reaction, and we unexpectedly found that dehalomethylation also proceeded under similar conditions. We herein report the first electro-reductive halogen-deuterium exchange reaction and methylation reaction. ). To a solution of aryl halide (0.30 mmol) and 9-fluorenone (108 mg, 0.60 mmol) in 0.1 M Et 4 NClO 4 solution of CD 3 CN (6.0 mL) was passed a constant current (120 mA, 12 F/mol) with magnetic stirring. After the electrolysis, the suspension was quenched with saturated aq. NaHCO 3 (5 mL) and extracted with Et 2 O (3 © 10 mL). The combined organic phase was dried over MgSO 4 , and then to the solution was added n-undecane (15 mg, 0.09 mmol) as an internal standard. The yield of the deuterated product and the amount of recovered aryl halide were determined by GC analyses. ). To a solution of aryl halide (0.30 mmol) in 0.1 M Et 4 NClO 4 solution of CH 3 CN (6.0 mL) was passed a constant current (120 mA, 6 F/mol) with magnetic stirring. After the electrolysis, the suspension was quenched with saturated aq. NaHCO 3 (5 mL) and extracted with Et 2 O (3 © 10 mL). The combined organic phase was dried over MgSO 4 , and then to the solution was added n-undecane (15 mg, 0.09 mmol) as an internal standard. The yield of the methylated product and amount of recovered aryl halide were determined by GC analyses.
Results and Discussion
For the optimization of a mediator for the reaction, we first examined electro-reductive halogen-proton exchange reactions using 4-chloro-1-phenoxybenzene (1a) and CH 3 CN as model compounds (Table 1 ). In the presence of mediator (2 equiv), the electro-reduction of 1a was carried out in an undivided cell equipped with a zinc anode and a platinum cathode. With fluorene as a mediator, protonated product 2a was obtained in 40% yield (entry 1). Surprisingly, trace amount of methylated product 3a was also observed. With 9,9-dimethylfluorene, the yields of 2a and 3a increased to 52% and 5%, respectively (entry 2). With increasing the length of alkyl groups on the fluorene, the yield of 2a decreased and the yield of 3a slightly increased (entries 35). These mediators were unsuitable for the reaction, and the material balance of these reactions was unsatisfactory. The use of 9-fluorenone was more efficient for the reaction than that of fluorenes, and 2a was obtained in 82% yield (entry 6).
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With 9-fluorenone, we next carried out electro-reductive halidedeuterium exchange reactions of several aryl halides in CD 3 CN (Table 2 ). In the presence of 9-fluorenone (2 equiv), a constant current was passed through a solution of an aryl halide in 0.1 M Et 4 NClO 4 solution of CD 3 CN. Several aryl halides could be converted to the corresponding deuterated product with more than 99% of D content. For instance, the electro-reduction of 1a afforded deuterated product, 4-phenoxy-1-d-phenoxybenzene (4a), in 74% yield with 99% of D content (entry 1). The electro-reduction of 1-bromo-4-phenoxybenzene (1b) also gave 4a in similar yield with virtually complete D content (entry 2). The reaction of 1-iodo-4-phenoxybenzene gave 4a in low yield but the D content was 99% (entry 3). We next applied similar conditions to regioisomers of 1a, and found that the corresponding deuterated products were obtained regioselectively (entries 4 and 5). Alkoxy-and Alkyl-substituted chlorobenzenes could also be used for the reaction, and the corresponding deuterated compounds were obtained regioselectively (entries 69). Based on our previous study, we assumed that the reaction would proceed via a radical intermediate which is generated by one-electron reduction of an aryl halide.
14 Thus generated radical intermediate would react with CD 3 CN to give a deuterated product.
During the study on the scope of halogenproton exchange reaction, we found that electro-reduction of fluorobenzene gave methylated product in relatively higher yield than other compounds (Table 3 , entry 1). This result prompted us to seek suitable conditions for the methylation of fluorobenzene (Table 3 ). It was found that the yield of methylated product (3j) increased to 30% in the absence of mediator (entry 2). Using a Mg anode instead of a Zn anode, the yield or 3j increased to 55% (entry 3).
Under the optimized conditions, we next carried out electroreductive methylation of several aryl halides (Table 4) . First, the effect of halide (1j1m) was examined (entries 14). Only fluorobenzene gave the methylated product in moderate yield, and the results using other halobenzenes are insufficient (entries 24). The electro-reductive methylation of other aryl fluorides was carried out and found that the electrolysis of aryl fluorides 1n1p also gave the corresponding methylated products in 2554% yields (entries 5 7). On the contrast, the reaction of fluorobenzene 1q bearing a methylsulfanyl group at p-position did not afford the methylated product at all.
While the reaction mechanism of the electro-reductive methylation has not been clear yet, we assumed that some methyl anion synthons would be generated in situ from CH 3 CN which would add to aryl fluorides via addition-elimination fashion.
Conclusion
In summary, we have developed an electro-reductive halogendeuterium exchange reaction using CD 3 CN and an electro-reductive methylation reaction of aryl halides. Further scope and the detail of these reactions are under investigation in our laboratory. 
